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ABSTRACT 

We present the results of a study of galaxy activity in two merging binary clusters 
(A168 and A1750) using the Sloan Digital Sky Survey (SDSS) data supplemented 
with the data in the literature. We have investigated the merger histories of A168 and 
A1750 by combining the results from a two-body dynamical model and X-ray data. 
In A168 two subclusters appear to have passed each other and to be coming together 
from the recent maximum separation. In A1750, two major subclusters appear to have 
started interaction and to be coming together for the first time. We find an enhanced 
concentration of the galaxies showing star formation (SF) or active galactic nuclei 
(AGN) activity in the region between two subclusters in A168, which were possibly 
triggered by the cluster merger. In A1750, we do not find any galaxies with SF/AGN 
activity in the region between two subclusters, indicating that two major subclusters 
are in the early stage of merging. 
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1 INTRODUCTION 

In the current models of hierarchical structure forma- 
tion, clusters of galaxies grow through continuous merg- 
ers with groups or clusters. X-ray observations revealed 
that a significant fraction (40 — 70 per cent) of them 
show substructures, in dicating that they are in the pro- 
cess of merging (e.g., I Jones fc Formaiil 1 19991 ). There are 
various evidences for cluster mergers seen in intracluster 
medium (ICM): complex density and temperature distri- 
bution, s hocks, and radio halo s and relics (e.g.. iRickeij 
19981: [Takizawa 2000; Ricker fc Sarazin 2001; iBuotd l200a 



Poole et al..2006i : ,Markevitch fc Vikhlinia2007l '). It is known 



that a cluster merger event, which is one of the most extreme 
phenomena in the universe, releases an enormous amount of 
energy (> 10®^ ergs), resulting in several active phenomena. 
However, the effect of the cl uster merger on cluster g alax- 
ies is still poorly understood l|Girardi fc Bivianoll2002l ). and 
one of the current key questions on clusters is waiting for an 
answer: does the merging between clusters trigger/suppress 
star formation (SF) and active galactic nuclei (AGN) activ- 
ity? 

There were several studies to investigate the effect of 
the cluster merger on cluster galaxies. iCaldwell et al., (^199^) 
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found that there is a large fraction of early-type galax- 
ies showing enhanced Balmer absorption lines or emission 
lines in Coma cluster, indicating the presence of recent 
SF or nuclear activity. These active galaxies are located 
at the region between the cluster centre and the subclus- 
ter. They extended the ir study to five other nearby clusters 
(jCaldwell fc Roselll997h . and suggested that the merger be- 
tween the cluster and subcluster may trigger SF in galax- 
ies. Other studies also found evidences for an enhanced 
:alaxy activity possibly triggered by the cluster nierger 



, Burns et al."l994'; 'Miller & Owen'2003^; 'Cortcsc et a l.ll2004l . 
[2006; Ferrari et al. 2005; Johnston- Ho Uitt ct al. 200g). 

On the other hand iTomita et al.l l| 19961 ') found no ev- 
idence for enhanced fraction of blue galaxies in the re- 
gion between two s u bclust ers in a merging cluster A168. 
iMauduit fc MamonI (|2007 l') also found a reduced radio 
loudness (or reduced AGN/SF activity) of the galax- 
ies in the Shapley Supercluster. This can be explained 
by the effect of enhanced ram-pressure occurring when 
galaxie s cross the shock front of mergin g clusters. Re- 
cently, iMartini. Mulchaev. fc KelsonI (12007") found that the 
AGN fraction is t he lar gest in the merging clusters, while 
iDe Propris et al.l (|2004l ) found no correlation between the 
number fraction of blue galaxies and the probability of sub- 
structure in clusters. 

Numerical simulations also show diverse results. The 
SF activity during the cluster merger can be triggered 
by a time-depend ent tidal gravitational field of the merg- 
ing (jBekkil Il999l ), and by an increased ram-pressure of 
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Figure 1. Contours of X-ray intensity overlaid on the optical Digitized Sky Survey for A168 (a) and A1750 (fe). X-ray images are taken 
from EINSTEIN/IPC and ROSAT/PSPC for A168 and A1750, respectively. X-ray contours are smoothed with a Gaussian filter of cr = 31 
arcsec (A168) and 27 arcsec (A1750). 



ICM l|Kronberger et all 120081 ) (see also iGnedinl l2003l : 
iKapferer et al.l 20061 ). In contrast the star formation rates 
of galaxies in the cluster merger can be dec reased because 
of increased ram-pressure (|Fuiita et al.lll999l ). 

The diverse results of galaxy properties due to the clus- 
ter merger might be due to the facts that the clusters are 
in different merging stages and that the initial conditions 
of the merging (cluster mass, galaxy morphology, richness 
of gas, etc.,) are different. Therefore it is need to study the 
clusters in various merging stages to understand the effect 
of the cluster merger on the galaxies in detail. As a first step 
for the study of galaxy clusters in various merging stages, we 
focus on two merging binary clusters (A168 and A1750) that 
are in dynamical state simpler compared to other merging 
clusters. 

A168, shown in Fig. [Tfa), is a nearby {z ~ 0.045; 
IStruble fc Rood! 1 19991) galaxy cluste r with BM type II- 
III. lUlmer. Wirth. fc Kowalskil (|l992^ found that there ex- 
ists an offset between X-ray and optical centres, and 
suggested that A168 is formed by a collision of two 
approximately equal sized clusters. Early X-ray images 
with Einstein IPC showed an ir r egular structure of ICM 
ijUlmer, Wirth. fc Kowalsldl Il992l : Ijones fc FormanI 1 19991 ). 
but recent Chandra data revealed two distinguishable X-ray 
peaks c orresponding to the brightest g alaxies in each sub - 
cluster (jHallman fc MarkevitchI 12004 lYang et al' '20Q4bl). 
Based on the photometric survey for A168, [Tomita ct al. 
l|l996l ) found no evidence for any enhanced fraction of blue 
galaxies in the cluster region. Using the photometric data 
from the Beijing- Arizona- Taiwan-Connecticut ( BATC) sky 
survey and the Sloan Digital Sky Survey (SDSS). lYang et al.l 
(|2004al ) determined the photometric redshifts of galaxies in 
the region of A168. They secured a sample of 376 proba- 
ble member galaxies associated with A168, and confirmed 
the existence of two subclusters corresponding to two X-ray 
peaks. The two subclusters are separated by ~ 13.8' (~ 510 



h^^ kpc, where h is the Hubble constant normalized to ICQ 
km s~^ Mpc~^ ) on the sky, and show a radial velocity dif- 
ference of ~ 260 km s~^. Merger event between the two ap- 
pears to occur i n the plane of the s ky, but their merging stage 
is still debated (|Yang et al. 1 12004 alibi: iHallman fc MarkevitchI 
,2004i) . 



A1750 is a BM type II-III cl uster, and is more distant 
{z ~ 0.085; IStruble fc Roodlll999l ) compared with A168. In 
Fig. Jllb) , it shows two major X-ray peaks (jForman et al] 



ll98ll : lDonnellv et al.ll200ll : lBelsole et al.ll2004l ). being known 
as a canonical binary cluster. Howev er, it also show s another 
minor X-ray peak to the southwest ijjones fc Form an 199_^). 
The spatial d istribution of galaxies coincides well with these 
X-ray peaks ([Ramirez fc Quintanalll990l : iBeers et al.lll99ll : 
iDonnellv et al.ll200ll) . The two subclusters associated with 
two major X-ray peaks are separated by ~ 9.6' (~ 640 
h^^ kpc) on the sky, and have a radial velocity differ- 
ence of ~ 1300 km s~^. X-ray data show a weak tem- 
perature enhancement (~ 30 per cent) in the region be- 
tween two subclusters , suggestive of an ea rly stage of merger 
(jPonnellv et al.ll200ll : iBelsole et aDl2004l ). 



In this paper, we investigate the dynamical state and 
galaxy properties of these two merging binary clusters (A168 
and A1750) using the SDSS data supplemented with data 
in the literature. Section [2] describes the sample of galaxies 
used in this study. The properties of galaxies in subclusters 
and dynamical models for the clusters are given in 331 In 
33] we discuss the effect of cluster merging on galaxy activ- 
ity, merging history, and E-l-A galaxies. Primary results are 
summarized in the final section. Throughout, we adopt a 
fiat ACDM cosmology with density parameters S^a ~ 0.73 
and ilrn = 0.27. 
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Figure 2. Spectroscopic completeness of the data complemented 
by NED as a function of r-band magnitude (a) and clustercentric 
radius (b). Filled and open circles are the completeness for A168 
and A1750, respectively. Open circles are slightly shifted to right- 
wards not to overlap with filled circles. 



2 DATA 



2.1 Galaxy Sample 

We used mainly a spectroscopic sample of galaxies in 
the Legacy survey of SPSS S ixth Data Release (DR6; 
lAdelman-McCarthv et"al] bOOSl ). The Le gacy survey con- 
tains five-band (ugriz) photometric data for 230 million ob- 
jects over 8,400 deg^, and optical spectroscopic data more 
than one milli on objects o f galaxies, q uasars, and stars 
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Castander et al. 2001: Blanton ct al. 2003a; Fukueita et al. 
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Extensive descrip tion of SDSS data p r oduct s is given by 
lYork et all (|200Cr ) and lStoughton et al'l l|2002l ). 

The data is supplemented by several value-added galaxy 
catalogues (VAGCs) drawn from SDSS data. Photometric 
and structure paramet ers are adopted from SDSS pipeline 
l|Stoughton et al] |2002| ). Complementary photometric pa- 
rameters such as colour gradient a nd concentration index 
are ta ken from DR4plus sample of IChoi. Park, fc VogelevI 
|2003). The spec troscopic parameter s are used from 
MPA/JHU VAGC (|Tremonti et al.ll2004l ). 

Completeness of the SDSS spectroscopic data is poor 
for bright galaxies with rrir < 14.5 because of the problems 
of saturation and cross-talk in the spectrograph, and due 
to the fibre collision for the galaxies located at high den- 
sity regions such as galaxy clusters (two spectroscopic fibres 
cannot be placed closer than 55 arcsec on a given plate). 
Thus, it is needed to supplement the missing galaxy data 
to reduce the possible effect drawn from the incompleteness 
problem (e.g.. |Park fc Hwanell2008l ). We added a photomet- 
ric sample of galaxies in SDSS (m^ ^ 18.0) located within 
4 Mpc from the galaxy cluster, of which redshifts are 
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Figure 3. Radial velocity vs. clustercentric distance of galaxies 
and the velocity distribution for the galaxies in A168 (a) and 
A1750 (6). Filled circles and crosses, respectively, indicate early- 
and late-type galaxies selected as cluster members, while open cir- 
cles denote those that were not selected as cluster members. The 
horizontal dashed lines indicate the syste mic velocity of the clus- 
ters adopted from lStruble fc Rood! l|l999l '). The velocity distribu- 
tions for the member galaxies are shown by hatched histograms, 
and those for all of the observed galaxies by open histograms. 



available at the NASA Extragalactic Database (NED). Fig- 
ure [2] shows the spectroscopic completeness of our galaxy 
sample complemented by NED as a function of apparent 
magnitude and of clustercentric distance. It shows that the 
spectroscopic completeness of our sample is higher than 85% 
at all magnitudes and clustercentric radii. 

The r-band absolute magnitude Mr was computed us- 
ing the formula. 



Mr ^nir- DM - K{z) - E{z), 



(1) 



where DM is a distance modulus, K{z) is a if-correction, 
and E{z) is a luminosity evolution correction. DM is de- 
fined by DAd = 51og(DL/10) and Dl is a luminosity dis- 
tance in unit of pc. The rest-frame absolute magnitudes 
of individual galaxies are computed in fixed bandpasses, 
shifted to z = 0.1, with the Galacti c reddening correction 
(|Schlegel. Finkbeiner. fc Davij|l99"3) a nd the JiT-correction 
iton et all ll2003bt ). The evolution cor- 
Tegmark et"al] ([2004), E(z) = l.6{z - 0.1), 



as described by 
rection given by 
is also applied. The "'^{u — r) colour was computed using the 
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Figure 4. Le/i panels: Dressler-Shectman (DS) plots for A168 (a) and A1750 (c). Each galaxy is plotted by a circle with diameter 
proportional to . Plus sign indicates the cluster centre we adopted. Crosses indicate the brightest galaxies in the subclusters represented 
by large circles in right panels. North is up, and east is to the left. Right panels: Spatial distribution of cluster galaxies (dots) overlaid 
on the galaxy number density maps for A168 (b) and A1750 (d). The galaxy number density maps are constructed using the member 
galaxies with rur ^ 17.77 mag. Radii of the solid circles that define the subclusters are 240 and 320 kpc for A168 and A1750, 
respectively. Galaxies within a dashed ellipse in (d) will be discussed in il4.2l 



model magnitudes with extinction and if -corrections. The 
superscript 0.1 means the rest-frame magnitude if-corrected 
to the redshift of 0.1, and will subsequently be dropped. 

First we classify the mor phological types of galaxies in - 
cluded in DR4plus sample of lChoi. Park, fc Vogele^ (|2007l ) 



adopting the method given bv lPark fc Choil (|2005h Galax- 
ies are divided into early (ellipticals and lenticulars) and late 
(spirals and irregulars) morphological types based on their 



locations in the (it — r) colour versus {g — i) colour gradi- 
ent space and also in the i-band concentration index space. 
The resulting morphological classification has completeness 
and reliability reaching ~90 per cent. We performed an addi- 
tional visual check of the colour images of galaxies to correct 
misclassifications by the automated scheme. In addition, for 
the galaxies in DR6 that were not included in DR4plus sam- 
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pie (~35%), we visually classified the morphological types 
using the colour images. 



2.2 Cluster Membership 

To determine the membership of gala xies in a clus t er, we 
used the 'shifting gapper' method of iFadda et al.l (|l996l ) 
that was used for the study o f kinematics of galaxy clus- 
ters (|Hwang fc Ledl2007l . [200i ). In the radial velocity versus 
clustercentric distance space, the cluster member galaxies 
are selected by grouping galaxies with connection lengths 
of 950 km s~^ in the direction of the radial velocity and 
of 0.1 h~^Mpc in the direction of the clustercentric radius 
R. If there are no adjacent galaxies with > 0.1 Mpc, 
we stopped the procedure. The boundary for the member 
galaxies is different depending on the cluster (see Fig. |3}. 
We iterated the procedure until the number of cluster mem- 
bers is converged. Fig. [3] shows plots of radial velocity as a 
function of clustercentric distance of galaxies, and the ve- 
locity distributions for the galaxies in A168 and A1750. 
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3 RESULTS 
3.1 Substructure 

To find the dynamical state of our sample clusters, we first 
identify the subclusters in the clusters. Using the velocity 
data and positio nal information on the gala xies, we per- 
formed a A-test (jPressler fc ShectmanlfTQSSl ). which com- 
putes local deviations from the systemic velocity (usys) and 
velocity dispersion (ad.aii) of the entire cluster. For each 
galaxy, the deviation is defined by 

^9. Nnn r, 



i'^local - V'. 



sys cal 



0"cl,an 



(2) 



where Nnn is the number of the nearest galaxies that defines 
the local environment, taken to be N^^i'^'^ in this study. A'gai 
is a total number of member galaxies in the cluster. The 
nearest galaxies are those located closest to the galaxy on the 
sky. fiocai and aiocai are systemic velocity and its dispersion 
estimated from N^n nearest galaxies, respectively. 

We plot the positions of cluster galaxies, represented by 
circles with radii proportional to , in the left panels of Fig. 
131 A large circle denotes a galaxy for which local environment 
is deviant in either velocity or dispersion compared with the 
entire cluster. It implies that the groups of large circles indi- 
cate the presence of substructure. In A168, two X-ray peaks 
appear not to be associated with the groups of large circles, 
while the region between the two X-ray peaks corresponds 
to a group of large circles along the direction perpendicular 
to the line connecting two peaks. For A1750, there is seen 
a strong clustering of large circles to the northeast of the 
cluster centre, showing clearly that it is a subcluster. 

We show the spatial distribution of all member galaxies 
in the right panels of Fig. [l] where we overlaid the galaxy 
number density contour map constructed using the bright 
member galaxies with rrir ^ 17.77 mag. It is noted that the 
galaxy number density is the highest in the region between 
two X-ray peaks. We identified the brightest galaxies in the 
subclusters that are roughly matched to X-ray peaks. Then, 
we secured the subsample of galaxies associated with the 



Figure 5. Velocity histogram for all member galaxies in A168 
(a), the northern subcluster (&), and the southern subcluster (c). 
Radial velocity for the brightest galaxy in each subcluster is in- 
dicated by a down arrow, and the systemic velocity of A168 is 
indicated by a vertical dashed line. 
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Figure 6. Same as Fig. [5] but for A1750. 
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Figure 7. Colour-magnitude diagram and histograms for tlie galaxies in A168 (a). All member galaxies are indicated by dots, those 
in A168 N by circles, and t hose in A168 S by crosses. Solid straight line is the division line for blue and red galaxies given by 
IChoi. Park, fc VoeelevI \2001^ . Histograms of absolute magnitudes Mr of galaxies in subclusters (6) and those of {u — r) colours of 
galaxies in subclusters (c). Galaxies in A168 N and S are denoted by hatched histograms with orientation of 45° (//) and of 315° (\\), 
respectively. The brightest galaxy in each subcluster is indicated by an arrow. 
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Figure 8. Colour-magnitude diagram and histograms for the galaxies in A1750 (a). All member galaxies are indicated by dots, those in 
A1750 C by circl es, those in A1750 N by crosses, and those in A1750 S by squares. Solid straight line is the division line for blue and red 
galaxies given bv lChoi. Park, fc VogeievI ll2007t ). Histograms of absolute magnitude Mr for the galaxies in A1750 C and N (6), and those 
in A1750 S (c). Histograms of (u — r) colours for the galaxies in A1750 C and N (d), and those in A1750 S (e). Galaxies in A1750 C and 
N are denoted by hatched histograms with orientations of 45° (//) and of 315° (\\), respectively. Galaxies in A1750 S are denoted by 
hatched histograms with orientations of 0° (=). The brightest galaxy in each subcluster is indicated by an arrow. 
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Table 1. Kinematics for Subclusters 



Subsample 




cz 

{km s~^) 


(km s^^) 


(10" /i-i M0) 


A168 
A168 N 
A168 S 


189 

10 

26 


134561^0 

13214+gg^ 

13543tift 


575ti 
333l^i 
532lg2 


^•■^'^-0.165 
'"^-0.141 


A1750 
A1750 C 
A1750 N 
A1750 S 


224 
21 
14 
11 


25836155 
2593112J2 

24999tj^° 
259191^2^ 


837+32 

'^»_162 
701 +352 


1 696+"'^™ 

9 909 + 2.089 
^■^o^_l.lg4 

0.303l»:f,^ 



Column descriptions. Column (1): subsamples. Column (2): 
number of galaxies. Column (3); systemic velocity of the 
subsamples (biweight location of lBeers et al.lll99Cll) . Column (4): 
velocity dispersio n of the subsamples (biweight scale of 
iBeers et al.lll9 90l). Column (5): virial mass computed from eq. 



(4) in lGirardi et al.l ll 19981) . 



subclusters by selecting the galaxies within the circles cen- 
tred on the brightest galaxies. The radius of the circle for 
galaxy selection is chosen to contain galaxies as much as pos- 
sible without overlapping each other. The radius of the circle 
for A168 is slightly reduced not to contain the galaxies in 
the other subcluster. Radii of the circles for galaxy selection 
are 240 and 320 kpc for A168 and A1750, respectively. 

In Figs. [S] and 1^ we plot the velocity distributions for 
the galaxies in the subclusters in company with that for all 
member galaxies. Table [1] summarizes the kinematic proper- 
ties of the galaxies in the subclusters. For A168, the relative 
radial velocity between two subclusters is 330 km s~^, and 
A168 S appears to be about twice massive than A168 N. For 
A1750, the mean velocity of A1750 N is significantly differ- 
ent from those of other subclusters as seen in the Dressler- 
Schectman plot of Fig. |4jc). The masses of A1750 C and 
N are comparable within the uncertainty, and the mass of 
A1750 S is the smallest among the subclusters. The velocity 
distributions for the subclusters show a prominent peak and 
the velocity dispersions for the subclusters ar e consistent 
with the measurements i n the previous studies l|Yang et al.l 
l2004al : [ Beers et aLlllOQll ). indicating that they are genuine 
subclusters. 

We present a colour-magnitude diagram for the cluster 
galaxies in Figs.[7](A168) and|8](A1750). The galaxies in the 
subclusters are represented by different symbols. It is seen 
that most of the galaxies in the subclusters follow the red 
sequence in the sense that the brighter galaxies are likely to 
be redder than the fainter galaxies. However, some galaxies 
in A168 S show b luer colours than the division line for blue 
and red galaxies (|Choi. Park, fc VogelevI [20071 1. which may 
indicate SF activity. 



3.2 Two-body Dynamical Model 

To obtain a hint of merging histories for our sample 
clusters, we apply a two-bo dy analysis introduced by 
iBeers. Geller. fc Huchral (| 19821 ') . It is assumed that two sub- 
clusters have radial orbits: neither shear nor net rotation of 
the system. It is also assumed that the subclusters are now 



moving apart from the zero separation at t = 0, or are com- 
ing together for the first time. Then the equation of motion 
for this system is given by. 



R = 



V = 



Rp Rm 

cos a 2 



Vr 



cosx), 
1/2 



smx 



(1 - cosx)' 



to 



Rr, 



8GMu 



1/2 



(X - sinx), 



(3) 
(4) 

(5) 



where _R is a separation between two subclusters, Rp is 
a projected separation of the subclusters, q is a projec- 
tion angle that is an angle between the line connecting 
two subclusters and the plan e of the sky (see Fig. 7 in 
iBeers. Geller. fc Huchral Il982l for geometry), Rm is a sep- 
aration of the subclusters at maximum expansion, and x is 
a developmental angle. V is a relative velocity between two 
subclusters, and Vr is a radial relative velocity between the 
two. Aftot is a total mass of the system, and t is the present 
time adopted as the age of the universe, 3.064 h-^ X lO^'^s 
= 9.715 h-^ Gyr with D.a = 0.73 and Qm = 0.27. 

The two subclusters have a zero separation at x = 0, 27r, 
while they are at the maximum expansion at x = ti", 37r. The 
solutions with < x < Svr indicate that two subclusters 
are now moving apart since t = with zero separation, or 
coming together for the first time in their history. On the 
other hand, the solutions with 27r < x < 47r mean that 
they already experienced one close encounter. In addition, 
simple Newtonian criterion for the gravitational binding is 
described by. 



VrRp < 2GMtot sm acosQ. 



(6) 



In Table (2] we summarised the input and output pa- 
rameters of the two-body dynamical models for our sample 
clusters. In Fig. [9l we plot the projection angle a as a func- 
tion of the radial velocity between two subclusters given by 
two-body models. 

Fig. [H^a) shows that two subclusters in A168 are likely 
to be a gravitationally bound system unless the projection 
angle a is smaller than 4° . We investigated two cases of mov- 
ing apart or coming together for the first time (0 < x < Stt) 
and experiencing one encounter (27r < x < ^tt). Since previ- 
ous studies suggest that subcluster s in A168 have already 
passed each other at le ast once (|Hallman fc MarkevitchI 
I2OO4I : lYang et al.l l2004bl ). we focus on the solutions with 
27r < X < 47r. For the cases of BOe and Big, the relative 
velocities V between two subclusters are larger than the ve- 
locity dispersion of each subcluster. In addition, since their 
separation is small {R ~ 0.52 Mpc), it is expected to see 
merging features such as shocks or strong temperature vari- 
ations in the region between two subcl usters. However, X- 
ray data do not show su ch features (H allman fc MarkevitchI 
l2004l : lYang" et al.ll2004lj ). which implies that these solutions 
are less probable. 

For the cases of BOd and BI/, two subclusters are sep- 
arated by ~ 1.6 Mpc with large projection angles. 
Case BOd is an outgoing solution in which the last en- 
counter occurred ~ 3.1 Gyr ago and two subclusters 
will move apart for another 0.3 Gyr. On the other 
hand. Case BI/ indicates that two subclusters experienced 
the last encounter ~ 3.5 Gyr ago, and reached the 
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Table 2. Two-body Model Parameters 



System 


Maya 


Vr 


Rp 


Range 


Solution 


a 


V 


R 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


A168 N/S 


1.13 


81 ±87 


0.51 


< X < 27r 




82.3 


81.7 


3.84 


3.95 












Bib 


80.0 


82.2 


2.96 


3.03 












BIc 


3.9 


1197.7 


0.52 


2.17 










27r < X < 47r 


BOd 


72.0 


85.2 


1.66 


1.66 












BOe 


3.9 


1190.7 


0.52 


2.09 












Blf 


70.8 


85.8 


1.56 


1.58 












Bis 


4.3 


1082.6 


0.52 


1.37 



A1750 N/C 3.98 932 ± 332 0.64 < x < 2n 


BOa 


86.0 


934.3 


9.12 






Bli, 


67.9 


1005.9 


1.71 


3.45 






29.4 


1897.2 


0.74 


3.30 


27r < X < 4-71 


BOd 


66.0 


1019.9 


1.58 


3.05 




BOe 


29.6 


1885.5 


0.74 


3.19 




Blf 


58.1 


1098.0 


1.22 


2.13 




Bis 


34.1 


1663.1 


0.78 


2.08 



Column descriptions. Column (1): system for two-body model. Column (2): total mass of the system (10^'' h''^ Mq ). Column (3): 
relative radial velocity (km s~^). Column (4): projected separation of two subclusters {h~^ Mpc). Column (5): range of x- Column (6): 
allowed solutions (BO: Bound-Outgoing case, BI: Bound-Incoming case). Column (7): projection angle (deg). Column (8): relative 
velocity (km s^^ ). Column (9): separation of two subclusters (^t""*^ Mpc). Column (10): maximum separation of two subclusters {h~^ 
Mpc). 




200 400 600 800 1000 500 1000 1500 

V, (km s"') V, (km s"') 

Figure 9. Projection angle a vs. radial velocity difference Vr given by the two-body model for A168 N and S (a) and for A1750 N 
and C. Filled circles indicate the solutions summarised in Table [2] Solid curved lines are for the case < x < 27r, while dotted curved 
lines for the case 27r < x < 47r. Vertical solid and dot-dashed lines denote the radial velocity difference for two brightest galaxies in 
the subclusters and for mean radial velocities of two subclusters, respectively. UR and BR, respectively, indicate unbound (shaded) and 
bound (clean) region. 



maximum expansion of 1.58 Mpc about 0.4 Gyr 
ago. Previous Chandra data provide us with detailed X- 
ray image, which is helpful for determining the dynami- 
cal sta t e of A168 d Hallman fc MarkevitchllioM : lYang et all 
l2004bl ). lYang et al . (2004b) reported that X-ray morphol- 
ogy of A168 is similar to that of an off-axis merger with 
a mass ratio from 1:1 to 1:3 several Gyrs after a core pas- 



sage. iHallman fc Marke vitcbl l|2004h found a cold front at 
the northern ti p of A168 N that is seen for the subcluster at 
its apocenter (|Mathis et al.ll2005l ). and suggested that the 
two subclusters are in the process of turning around. These 
X-ray studies are consistent with the solutions of BOd and 
BI/, but BI/ is favoured because of the existence of the 
northern cold front. 
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Figure 10. Spatial distribution of early-type (Left) and late-type {Right) galaxies in clusters on the galaxy number density maps. 
Contours of X-ray intensity in Fig. [T] are overlaid. Normal galaxies are indicated by dots, while the emission-line galaxies are denoted 
by various symbols (star-forming galaxies: circles, Seyferts: triangles, LINERs: upside-down triangles, and composite galaxies: squares). 
Plus sign indicates the centre we adopted, and crosses indicate the brightest galaxies in the subclusters. North is up, and east is to the 
left. Dashed circle in (b) represents the region that we investigate in Fig. 1111 



A 1750 is a typical example of merging binary clusters, 
which has two major subclusters, northern (N) and cen- 
tral (C) subclusters. However, previous studies revealed that 
there is another subcluster to the south (S), which might bo 
related to the northern and c entral subclusters (Beers ct al. 
Il99ll : Q ones fc FormanllT999l ). Therefore, two-body model 
may not be applicable to this cluster. Since the mass of 
A1750 S is much smaller compared to A1750 N and C, we 
are going to apply the two-body model to A1750 N and C, 
and discuss the effect of A1750 S in >i4.2l For the two-body 
model of A 1750 N and C, when we use the relative radial 
velocity between the two brightest galaxies in subclusters 



(Vr = 1288 km s~^), we cannot find acceptable solutions 
in the bound region. When we use the relative radial ve- 
locity between the two subclusters computed from average 
value of galaxy velocities (Vr ~ 383 km s~^), we can ob- 
tain several bound solutions. Since the X-ray images show 
weak enhancement in the region between the two subclus- 
ters, indicati ng that the intera ction between the two has 
just started (|Belsole et al.|[2003 '). we focus on the incoming 
solutions with < x < 27r. 

There are two incoming solutions of Bit, and BIc with 
different relative velocity and distance. The BIc solution has 
the parameters with the relative velocity of 1897 km s"'^ 
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Figure 11. Angular variation of the fraction of blue galaxies (a, b), and and that of galaxies with SF/AGN activity (c, d) in A168. 
Open histogram in (a) is for all the late-type galaxies having (u — r) colour information, and that in (c) is for those having spectral line 
measurement in A168. Shaded one is for the late-type galaxies with blue colour (a) or with SF/AGN activity (c). 



and the separation of 0.74 h~ Mpc. Thus, it is expected to 
see significant surface brightness distortions and tempera- 
ture enhancement in the region between the two subclusters. 
However, detailed X-ray data show insignificant distortion of 
surface brig htness and weak enh ancement in temperature for 
that region (|Belsole et al.|[20o3 ). Therefore, the BIj, solution 
is more favoured because of the smaller relative velocity and 
the larger separation of the subclusters compared to the BIc 
solution. According to the BI;, solution, the two subclusters 
will cross each other in about 3.5 Gyr. 

3.3 Galaxy Activity 

In Fig. 1101 we show the spatial distribution of all mem- 
ber galaxies divided by their morphologies and spectral 
types. We determined the spectral types of emission- 
line g alaxies based on the criteria given by iKewlev et al.l 
l|200a ) using the emission line ratio diagram, com- 
monly known as Baldwin-Phillip s- Terlevich (BPT) diagram 
l|Baldwin. Phillips, fc TerlevichI Il981i l: star-forming galax- 
ies, Seyferts, LINERs, and composite galaxies. Fig. llOl shows 
that emission-line galaxies among the early-type galaxies 
in A168 are rarely seen. On the other hand, a signifi- 
cant fraction of late-type galaxies are identified as active 
ones, and they get together in the region between two 
subclusters. The two dimensi onal Kolmogorov-Smirnov test 
iFasano fc FranceschinilFlOSTl ) yields that the spatial distri- 
butions of emission-line and quiescent galaxies among late 
types are differe nt with the significan ce level of 89 per cent. 

Previously, iTomita et all (|l996l ). using a photometric 
sample of 143 galaxies including 22 galaxies with measured 
velocities, found no evidence of any enhanced fraction of 
blue galaxies in the region between two subclusters of A168. 
To check this result with our data, we plot, in Fig. 1111 an 
angular variation of the fraction of blue galaxies (a, b), and 
that of galaxies with SF/AGN activity (c, d). Blue galaxies 
are those whose (u — r) colours are bluer than the divi- 



sion line given bv lChoi. Park, fc VogelevI (|2007l ) as shown in 
Figs. [7] and [S] The division line indicates the lower limit of 
(u — r) colour dispersion in the colour-magnitude relation 
of early-type ga laxies, which was determined by an eyeball 
fit (see Fig. 3 in IChoi. Park, fc VoeelevllioOTl ). The galaxies 
with SF/AGN activity are those whose spectral types were 
determined in the BPT diagram (e.g., star-forming galax- 
ies, Seyferts, LINERs, or composite galaxies). The angle is 
measured counterclockwise centred on the brightest galaxy 
in A168 S, and degree corresponds to a line connecting 
the brightest galaxies in A168 S and N. We used the galax- 
ies whose projected distance to the brightest galaxy in A168 
S is smaller than 400 kpc (shown as the dashed circle 
in Fig. llOb ) and whose absolute magnitude is brighter than 
A'lr — 18 mag. 

Fig- IllT a. b) shows no enhanced concentration of 
blue galaxies along the line between the two subclusters 
(315° — 45°), which is consistent with the result given by 
iTomita et al.l lfl996i l. However, Fig. lllf c. d) clearly shows an 
enhanced concentration of the galaxies with SF/AGN activ- 
ity along the line between the two subclusters (315° — 45°). 
In A1750, there are few galaxies in the region between A1750 
C and N, and there are few emission-line galaxies associated 
with subclusters. 



4 DISCUSSION 

4.1 Effect of Cluster Merging on Galaxy Activity 
in A168 

We found that the two subclusters in A168 appear to have 
experienced last encounter about 3.5 Gyr ago, and to 
be now coming together from the maximum expansion of 
1.58 Mpc about 0.4 Gyr ago. It is needed to check 
the validity of the assumptions of two-body models (e.g., 
merging with no angular momentum). If the merging be- 
tween two subclusters occurs with angular momentum (e.g.. 
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Figure 12. Spatial distribution of the cluster galaxies overlaid on the galaxy number density maps for A168 (a) and A1750 (6). Open 
circles represent the cluster galaxies whose velocities are greater than the systemic velocity of their cluster, while filled symbols represent 
those whose velocities are smaller than the systemic velocity. The symbol size is proportional to the velocity deviation from the systemic 
velocity of the cluster. In A1750 (6), star symbols represent the galaxies with radial velocities of cz ~ 22, 500 km s~^ that show a large 
velocity deviation {cz — c5 ~ —3000 km s~^) from the main body. Plus sign indicates the centre we adopted, and crosses indicate the 
brightest galaxies in the subclusters. North is up, and east is to the left. 



ofT-axis merger), the observed X-ray brightness wiU be dis- 
torted along the orbital motion as shown in the simulated 
one (e.g.. Fig. 6 in Poole et al.ii20 06'). However, the observed 
Chandra X-ray image of A168 is similar to the case with low 
angular momentum in the simulated one, which supports our 
assumption of radial orbits in two-body model for A168. 

We found no enhanced concentration of blue galaxies 
at the region between the t wo subclusters in A1 68, which is 
consistent with the result in iTomita et al.l (ligQel). There are 
55 gal axies in common between this study and lTomita et af] 
1 19961 ). if we use a matching tolerance of 15". Among 55 
galaxies, 48 galaxies are found to be genuine cluster galax- 
ies associated with A168 when we use the velocity informa- 
tion provided by SP SS and NED. Namel y, the photometric 
sample of galaxies in lTomita et al.l (Il996l ) includes about 87 
per cent of genuine cluster galaxies associated with A168. 
In the sample of 48 genuine cluster galaxies associated with 
A168, we find that the colour types of 42 galax;ies are as- 
signed consistently, which leads to the similar finding in both 
studies [i.e., red (bl ue or semi-blue) galaxies determined in 
iTomita et al.l (Il996l ) are classified as red (blue) galaxies in 
this study]. 

When we use the emission-line diagnostics to detect 
galaxy activity, we find an enhanced concentration of the 
galaxies with SF/AGN activity at the region between the 
two subclusters in A168 (see Figs. [TUb and lllt i). Emission- 
line diagnostics is more sensitive to pro be SF/AGN ac- 
tivity compared to the integrated colour (|Kennicuttl 1 19981 : 
iPark fc Choll2009D so that we could directly detect galaxy 
activity that was not found previously. Considering the 
morphology-density relation the existence of the late-type 
galaxies with SF/AGN activity in the region between two 
subclusters of A168 seems to be caused by some events such 
as the cluster merger or interaction. The existence of the 



galaxies with SF/AGN activity in the region between two 
subclusters could be also a result of overlapping of the out- 
skirts of two subclusters located at slightly different distance 
along the line of sight. If so, it is expected that there will 
be no angular variation of the fraction of the galaxies with 
SF/AGN activity as shown in Fig. [TT] However, Fig. [TTT c. 
d) clearly shows an enhanced concentration of the galax- 
ies with SF/AGN activity along the line between the two 
subclusters (315° — 45°), implying that this scenario is less 
probable. 



4.2 Merging History of A1750 

Two major subclusters (A1750 C and N) appear to have 
started interaction and to be coming together for the first 
time. In A1750, there are few galaxies in the region between 
A1750 C and N, and there are few emission-line galaxies 
associated with subclusters. This indicates that the current 
merger event started recently, not yet triggering any activity 
in cluster galaxies. 

Detailed XMM-Newton images of A1750 C imply that 
it underwent a merger or interacti on in the past 1 — 2 Gyrs, 
and began to be in re-equilibrium (|Belsole et al.|[20o3 '). Since 
the gas distribution to the southwestern side of A1750 C ap- 
pears to be elongated in the direction of A1750 S, and A1750 
S is located at the line connecting A1750 C and N, A1750 
S can be suspected to be a companion cluster responsible 
for the past interaction of A1750 C. A1750 S lies at a pro- 
jected distance of ^ 1.2 Mpc from A1750 C, and has 
a mean radial velocity similar to that of A 1750 C. The fact 
that we cannot find acceptable solutions in the bound re- 
gion for the two-body model of A1750 N and C, when we 
use the relative radial velocity between two brightest galax- 
ies in subclusters, may support that A1750 C experienced a 
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merger or interaction in the past. It is noted that the exis- 
tence of no acceptable solutions in the bound region may be 
also due to the wrong assumption of two-body model (e.g., 
merging with no angular momentum). However, it is difficult 
to determine whether the interaction between A1750 N and 
C is similar to an off-axis merging by comparing with simu- 
lated X-ray images, because the distortion of X-ray contours 
is hardly seen. 

On the other hand, the past interaction of Ai750 C 
may be related to the other subcluster. There is seen a con- 
centration of galaxies to the east of A 1750 C in the galaxy 
number density map (shown by a dashed ellipse and de- 
noted by 'E' in Fig. |4}i) , though X-ray images do not show 
any noticeable peaks. The velocity distribution of galaxies 
in A1750 E is far from Gaussian, and the velocity dispersion 
and virial mass for A1750 E are abnormally large, indicating 
that it may not be a genuine subcluster currently. The past 
interaction of A1750 E with A1750 C is suspected by the 
facts that t he compression of X -ray image is to the direc- 
tion of east (jBelsole et al.ll2004 ). and that A1750 E is much 
more smoothly connected to A1750 C compared to A1750 S 
as shown in the galaxy number density map. Interestingly, 
there is one active galaxy on the line connecting A1750 E 
and C, and there are two active galaxies (one early type and 
one late type) just to the northeast in A1750 E. It is difficult 
to determine whether the activity of the galaxies associated 
with A1750 E is triggered by a past interaction with A1750 
C or not due to the small number of active galaxies. 

A1750 E may be also related to A1750 N. The galaxy 
number density map in Fig. Od) shows that A1750 C is 
largely connected to A 1750 N through A 1750 E. To account 
for the velocity information in addition to the spatial distri- 
bution, we present the spatial distribution of cluster galaxies 
with measured velocities in Fig. 1121 The radial velocity of 
southern part of A 1750 E is similar to that of A 1750 C, and 
that of northern part of A1750 E is similar to that of A1750 
N. 

A1750 N is suspected to experience no mergers in the 
past, but to be weakly interacting with other sources other 
than A1750 C now. This i s consistent with the findings based 
on XMM-Newton data bv lBelsole et al.l (120041 ) : (1) the X-ray 
image of A1750 N is elongated along the northeast direction; 
(2) there is another extended X-ray source just to the north 
of A1750 N; (3) the gas temperature of A1750 N is uniform; 
and (4) the cooling fiow is not disrupted in the core region 
of A1750 N. The distribution of galaxies in the number den- 
sity and spatial- velocity maps (see Fig. I12p indicate that the 
current interaction/accretion of A1750 N may be related to 
A1750 E. In addition, if we plot the spatial distribution of 
the galaxies with cz ^22,500 km s~^ that might be another 
small group (star symbols in Fig. ll2|l . the spatial distribution 
of these galaxies is overlapped with the region connecting to 
A1750 N and A1750 E. In conclusion, A1750 E maybe a 
subcluster that was partially disrupted during the previous 
interaction with A1750 C and is currently interacting with 
A1750 N. 



4.3 E+A Galaxies 

We could not find any 'E-l-A' galaxies that have strong 
Balmer absorption lines with no [O II] emission line in ei- 
ther of A168 and A1750. 'E+A' galaxies are usually regarded 



as post-starburst galaxies that have experienced starbursts 
within the last Gyr, and the activity has been abruptly trun- 
cate d. Since they were first discovered in distant clusters 
( Dressier fc Gunq _ 1983) and were found more in clusters 
than in the field ((Dressier et al. l ll999l : iPoggianti et"aLlll999l : 
iTran et al.ll2003l . |2004| ). thev were supposed to be cluster- 
related phenomena. However, the local (z ^ 0. 1) 'E-l-A' 
galaxies are rarely found in clusters ('Dressleil l 19871 ), and are 
usually found in the l ow density environment such as poor 
groups and the field |Zabludoff et al. 19961: Quintero et al.l 



l2004l : lBlake et al.ll2004l : lGotcll2005l : lYan et al.i2008l ). There- 
fore, their origin a nd relation with clusters are still debated 
(|Yang et al.ll200^ . Interestingly, some 'E-l-A' galaxies are 
found in nearby me rging clusters (Coma at z '--^ 0.023; 
Poggianti et al.ll2004 and A3921 at 2 ~ 0.095: iFerrari et all 



2005h , but they do not appear to be related with the current 



merging event. 

However, in some cases, 'E-l-A' galaxies are expected 
to exist in merging clusters if the increased ram-pressure of 
ICM can trigger SF activity of cluster galaxies and subse- 
quently quench it. We checked the equivalent width (EW) 
of H(5 absorption lines for all galaxies in Fig. 1101 It is found 
that the maximum values of EW(H5) are just 1.15 A in 
A168 and 1.17 A in A1750 that are much smaller than the 
typical criterion (5A) for 'E+A' galaxies. In conclusion, the 
existence of galaxies with SF/AGN activity and the lack of 
'E+A' galaxies in A168, may indicate that the galaxy ac- 
tivity is induced by the cluster merger recently, and is not 
yet quenched. For A1750, the activity of galaxies associated 
with the merging between two major subclusters might be 
not yet triggered, since the merging is in the early stage. 



5 SUMMARY 

We present the results of a study of dynamical state for two 
merging binary clusters (A168 and A1750) and the activity 
of cluster galaxies using the SDSS galaxy sample of which 
redshifts are available in SDSS or NED. Our primary results 
are summarised below. 

(i) We have found the substructures in each cluster, and 
have investigated the kinematic and photometric properties 
of the galaxies in the subclusters. 

(ii) Using the two-body model analysis and the X-ray 
data, we have investigated the merger histories of A168 and 
A1750. Two subclusters in A168 appear to have experienced 
last encounter about 3.5 Gyr ago, and to be now com- 
ing together from the maximum expansion of 1.58 Mpc 
about 0.4 Gyr ago. Two major subclusters (A1750 C 
and N) appear to have started interaction and to be coming 
together for the first time. 

(iii) We have found an excess of galaxies with SF/AGN 
activity in the region between the two subclusters of A168, 
which might have been triggered by the cluster merger. How- 
ever, we found no enhanced concentration of blue galax- 
ies at that r egion, which is consistent with the result in 
iTomita et al] (1996 '). 

(iv) In A1750, we could not find any galaxies that show 
strong activity in the region between two subclusters (A1750 
N and C), which is consistent with the scenario that they are 
in the early stage of merging. A1750 E may be a subcluster 
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that was partially disrupted during the previous interaction 
with A1750 C and is currently interacting with A1750 N. 

(v) We found no 'E+A' galaxies in either of A168 or 
A1750. 

In conclusion, the cluster merger appears to trigger the 
activity of cluster galaxies, and its effect is different depend- 
ing on the merging stage. Cluster mergers are usually in 
different stages, and the conditions of ICM and galaxies in 
these clusters are diverse. Therefore it is needed to study 
more clusters in different stages of merging to understand 
the relation between the galaxy activity and the dynamical 
state of the clusters. 
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